The identification of appropriate sanitation systems is particularly challenging in developing urban areas where local needs are not met by conventional solutions. While structured decision-making frameworks such as Community-Led Urban Environmental Sanitation (CLUES) can help facilitate this process, they require a set of sanitation system options as input. Given the large number of possible combinations of sanitation technologies, the generation of a good set of sanitation system options is far from trivial. This paper presents a procedure for generating a set of locally appropriate sanitation system options, which can then be used in a structured decision-making process. The systematic and partly automated procedure was designed (i) to enhance the reproducibility of option generation; (ii) to consider all types of conventional and novel technologies; (iii) to provide a set of sanitation systems that is technologically diverse; and (iv) to formally account for uncertainties linked to technology specifications and local conditions. We applied the procedure to an emerging small town in Nepal. We assessed the appropriateness of 40 technologies and generated 17,955 appropriate system options. These were classified into 16 system templates including on-site, urinediverting, biogas, and blackwater templates. From these, a subset of 36 most appropriate sanitation system options were selected, which included both conventional and novel options. We performed a sensitivity analysis to evaluate the impact of different elements on the diversity and appropriateness of the set of selected sanitation system options. We found that the use of system templates is most important, followed by the use of a weighted multiplicative aggregation function to quantify local appropriateness. We also show that the optimal size of the set of selected sanitation system options is equal to or slightly greater than the number of system templates. As novel technologies are developed and added to the already large portfolio of technology options, the procedure presented in this work may become an essential tool for generating and exploring appropriate sanitation system options.
Introduction

The global sanitation crisis
Sanitation is crucial for human and environmental health as well as social and economic development (WHO 2013) . Its critical role for development was recognized in the Millennium Development Goals (MDG, UN 2000) and was taken further in the Sustainable Development Goals (SDGs) for 2030 (UN 2015) . Despite these efforts, the world has fallen short of its MDG sanitation target, leaving 2.3 billion people without access to basic sanitation facilities and even more (WHO and UNICEF 2017) without integration into a fully functioning sanitation system. The situation is particularly challenging in the urban areas of developing countries, where most current population growth is taking place (UNFPA 2007) . These areas are characterized by high population densities, the low financial power of their citizens, and a predominantly informal sanitation sector (Dodman et al. 2013 , Isunju et al. 2011 , Ramôa et al. 2016 , Tremolet et al. 2010 ). If sanitary facilities exist, they are often only basic systems such as pit latrines and septic tanks (Munamati et al. 2017) . Systematic collection and safe disposal of wastewater and sludge are often missing (Strande 2014 , WSP 2014 , leading to 90% of urban wastewater globally being discharged without appropriate treatment (UNW-DPC 2013).
Failure of conventional approaches
The abandonment or breakdown of sanitation infrastructures in developing urban areas is a common phenomenon (Barnes and Ashbolt 2006) , which indicates the failure of conventional approaches to sanitation planning and service provision (McConville 2010) . Planning approaches have a tendency to be top-down, technology-driven, and focussed on implementations of technology or regional master plans. This has led to inappropriate technology choices for local physical and social environments and the often-limited available human and financial resources for maintenance and operation (Kalbermatten et al. 1980 , Kvarnström et al. 2011 , Menck 1973 , Starkl et al. 2013 , Tilley et al. 2014a ).
Sustainable sanitation systems planning
It is now widely accepted that sanitation planning should consider the entire sanitation chain and rely on the principles of sustainability. Sustainable sanitation systems not only protect and promote human health; they also protect the environment and natural resources and are economically viable, socially acceptable, and technically and institutionally appropriate , SuSanA 2008 ). A sanitation system is a set of technologies which in combination treat and manage human waste and wastewater from the source of generation to the final point of reuse or disposal. This includes five functional groups (FGs): the user interface, collection and storage, conveyance, semi-centralized treatment, and reuse or disposal (Tilley et al. 2014b) . Each technology should be appropriate to the contextspecific health, environmental, economic and financial, socio-demographic, and institutional conditions. This strongly highlights the multicriteria aspect of sanitation systems planning (Zurbrügg et al. 2009 ) and the importance of trade-offs and stakeholder preferences (e.g. Lennartsson et al. 2009 , Motevallian and Tabesh 2011 , Willetts et al. 2013 ).
Available planning frameworks
Several sanitation system planning frameworks have been proposed (e.g. Ashley et al. 2008 , Bracken et al. 2005 , Hendriksen et al. 2012 , Kvarnström et al. 2011 , Kvarnström and Petersens 2004 , Lennartsson et al. 2009 , Lundie et al. 2006 , Nayono 2014 , Parkinson et al. 2014 , Tilley et al. 2010 , van Buuren and Hendriksen 2010 . Many of them use structured decision-making (SDM) in combination with multicriteria decision analysis (MCDA). SDM helps to structure the decision-making process and to deliver insights about what matters to diverse stakeholders and how well various objectives may be satisfied by different decision options (Gregory et al. 2012 , Marttunen et al. 2017 . Well-known SDM frameworks for sanitation planning in urban areas of developing countries include Community-Led Urban Environmental Sanitation, CLUES , Lüthi and Parkinson 2011 , Sherpa et al. 2012 , and Sanitation 21 (Parkinson et al. 2014 ).
Lack of adequate decision options creation
Planning and decision-making in developing urban settings still face various practical challenges (Barnes and Ashbolt 2006 , McConville 2010 , Ramôa et al. 2018 . Amongst these, the systematic generation of decision options is one of the more substantial weaknesses (Hajkowicz and Collins 2007) . In particular, the diversity of available technologies, the multiple sustainability dimensions, and their corresponding criteria are often not sufficiently considered. Approaches to option generation that have been applied to sanitation include cause-effect analysis, creativitybased techniques such as brainstorming, and mixed approaches such as decision matrices and strategy tables (Eisenführ et al. 2010 , Gregory et al. 2012 , Keeney 1996 , Larsen et al. 2010 , McConville et al. 2014 , Tilley et al. 2014b ). The results of these procedures rely strongly on the available expertise and are therefore somewhat arbitrary.
To overcome this disadvantage, the Compendium of Sanitation Systems and Technologies (Tilley et al. 2014b ) presents a compilation of available technologies and thus enables the systematic creation of sanitation system options by combining compatible technologies. The disadvantage of this approach is that it results in several hundred thousand potential options for sanitation systems. Option generation is complicated by the emergence of many novel technologies in the recent years, especially for on-site sanitation and semi-centralized systems (e.g. Amoah et al. 2016 , Larsen et al. 2016 , Parker 2014 , Tilmans et al. 2015 , Tobias et al. 2017 . While novel technologies increase engineering flexibility and allow resource recovery, they also substantially increase the complexity of creating decision options. Decision-making processes require a manageable number of options. In reality, it is often hard to consider more than several dozen decision options in an SDM process (e.g. with multiple−attribute value theory, MAVT, or multiple−attribute utility theory, MAUT) or six to eight according to (Gregory et al. 2012, chap. 7) . Common methods to decrease the option space are Pareto optimality or dominance (e.g. Chen et al. 2008) , sequential screening in combination with subset selection (Kilgour et al. 2004) , and screening by restriction and aspiration levels (Eisenführ et al. 2010 ). The problem with these methods is that they require information on both the preferences of the stakeholders and the performance of options. However, this information is typically unavailable at the structuring phase of decisionmaking. Moreover, screening carries the risks that good options are discarded and that the criteria used imply value trade-offs (Gregory et al. 2012 , Keeney 2002 . Therefore, screening procedures need to carefully consider uncertainties and use criteria that can be exogenously defined and are independent of stakeholders (Eisenführ et al. 2010 , Gregory et al. 2012 ).
Aim of this paper
The aim of this methodological paper is to present and exemplify a systematic procedure designed to generate a set of sanitation system options that can be used in a structured decision-making process (Figure 1) . The procedure is able to
• systematically include all types of conventional and novel technologies for building entire sanitation systems;
• provide a limited set of sanitation system options that (i) are appropriate to a given application case and (ii) incorporate diverse technologies and system configurations; and
• consider the uncertainties relating to the technology properties and local conditions. The procedure only generates technical options and does not include financing or maintenance schemes. It is targeted at planners and engineers and intended as support for the structuring phase of a decision-making process, as Figure 1 explains. Figure 1 : Schematic illustration of the wider structured decision making (SDM) framework in which the procedure presented here is integrated. The procedure is intended to generate a limited and diverse set of locally appropriate sanitation system options as an input into the SDM process and is targeted at planners and engineers. The schematic of the SDM process was adapted from (Schuwirth et al. 2012) and ).
Model development and methods
Overview of the procedure
The procedure is designed to generate a set of decision options as an input into the SDM process. Decision options, also called decision alternatives, are possible actions designed to address the decision objectives. Decision objectives describe a goal that should be achieved with one of the decision options. In other words, decision objectives describe what matters to the decisionmakers and stakeholders (Gregory et al. 2012) . In this paper, we use the definition of sustainable sanitation as a proxy for typical urban sanitation planning decision objectives , SuSanA 2008 . The final decision entails the selection of a single decision option from a given set of decision options. In sanitation planning, a decision option generally consists of a sanitation system (see below) complemented by other aspects. In this paper, the term decision option always refers only to the technical part of a sanitation system. The procedure consists of three major steps; see Figure 2 . Figure 2 : Detailed overview of the presented procedure. The procedure consists of three steps. In step one, the context-specific appropriateness of a set of potential technologies (Techs) is evaluated. In step two, all possible sanitation system (SanSys) options are generated by the combination of compatible Techs. In step 3, a subset of most appropriate and most diverse SanSys is selected to be used in the structured decision making (SDM) process. Step 1: Technology (Tech) appropriateness assessment
Step 3:
Selection of decision options
Step 2: Building the sanitation system (SanSys) option space • The context-specific appropriateness of potential Techs is evaluated. • This results in an appropriateness score for all Techs. • Techs with score 0 are inappropriate and therefore eliminated.
• All possible combinations of appropriate Techs that result in a valid SanSys are generated. • The aggregation of Tech scores within a SanSys results in a system appropriateness score.
• A subset of appropriate SanSys is selected. • The subset contains the desired number of decision options and is diverse in terms of technologies and system configurations. 
Step 1: Appropriateness assessment of Techs
The goal of this first step is to identify those technologies among all potential ones that are appropriate for a specific application case. A technology (Tech) is defined as any process, infrastructure, method or service that is designed to contain, transform or transport sanitation products (Maurer et al. 2012 , Tilley et al. 2014b ). The application case (AppCase) is the case study or context in which the presented procedure is applied. For example, if a Tech requires a water supply, and the provision of water is not possible in the AppCase, this Tech can be excluded immediately.
Most Techs can have multiple input and output products in different configurations. Sanitation products are materials that are generated either directly by humans (e.g. urine, faeces, greywater), the urban environment (e.g. stormwater), or by the Techs (e.g. sludge, blackwater, biogas). We use a standardised set of products based on the definition of Tilley et al. (2014b) (see also Figure 6 ). For instance, a septic tank can have blackwater and greywater as an input, or blackwater alone.
Identification of screening criteria
The appropriateness of Techs is evaluated on the basis of screening criteria derived from the overall decision objectives for sustainable sanitation as defined by (SuSanA 2008) . Based on this definition, a sustainable sanitation system not only has to protect and promote human health by providing a clean environment and breaking the cycle of disease but also has to be economically viable, socially and institutionally acceptable, technically appropriate, and protective of the environment and natural resources. We translated this definition into five main decision objectives: (1) protection of human health, (2) financial and economic viability, (3) social and institutional acceptance, (4) technical functionality, and (5) protection of the environment and natural resources. We then established an overall objective hierarchy for sustainable sanitation planning: we compiled the lower level objectives for each of the five main decision objectives and listed the corresponding quantitative and qualitative attributes based on existing literature (e.g. Balkema et al. 2002 , Chen and Beck 1997 , Dunmade 2002 , Krebs and Larsen 1997 , Larsen and Gujer 1997 , Lennartsson et al. 2009 , Lundin et al. 1999 , Palme et al. 2005 , Sahely et al. 2005 . Attributes measure how well an option performs with respect to a decision objective. Other terms used for attributes are 'performance measures' and 'objective variables/functions' (Eisenführ et al. 2010) . A summary of the literature review, the objective hierarchy, and the corresponding attributes are available in SI-A. We then compiled a master list of screening criteria (see Table 1 ) by identifying decision objectives and corresponding attributes that fulfil three requirements: (i) they can be defined exogenously (they are 'fixed'); (ii) they do not involve trade-offs that might be weighted differently by different stakeholders; and (iii) they can be evaluated on the basis of the information and data generally available in the structuring phase of decisionmaking (i.e. baseline reports, local and regional statistics). The set of screening criteria contained in the master list overlap with the concept of appropriate technology (see Figure 3 ), which is a sub-domain of sustainable sanitation that evolved earlier (Bouabid and Louis 2015 , Goldhoff 1976 , Iwugo 1979 , Kalbermatten et al. 1980 , Loetscher 1999 , Magara et al. 1986 , Menck 1973 , Schumacher 1973 , Singhirunnusorn and Stenstrom 2009 . The master list of screening criteria should be adapted to the local preferences in an AppCase. This contextualization is also important, as the requirements used for the identification of screening criteria can vary in different contexts. For instance, legal aspects are generally recognized as fixed (defined exogenously) in Switzerland but are seen as flexible in Nepal. Another example is that of financial criteria: in some cases, they are perceived as stakeholderindependent killer criteria, even though they involve major trade-offs. Table 1 : Master list of screening criteria used to assess the local appropriateness of technologies (Techs). To improve readability, we grouped the criteria into legal, technical, physical, demographic, socio-cultural, capacity and managerial, and financial aspects. Each screening criterion is further specified by an attribute for the Tech and one for the AppCase (see also Figure 4 ). Possible metrics for the evaluation of the attributes are also given. By matching the Tech attribute to the AppCase attribute, the appropriateness score for the given criterion can be evaluated. (Nb=number). 
Evaluation of screening criteria and attributes
The evaluation of screening criteria is also highly contextdependent (Hoffmann et al. 2000) . Therefore, each screening criterion consists of a pair of Tech and AppCase attributes, which characterize the Tech and the AppCase respectively (see Figure 4 ). To account for uncertainties, we use probability functions to parametrize the attributes. Each pair of Tech and AppCase attributes consists of one probability density or distribution function (e.g. the water availability for a given AppCase, p ( )) and one conditional probability (e.g. the performance of a Tech given a certain water availability ( | )), varying between 0 and 100%. Whether the density or the conditional probability is used for the AppCase or the Tech is not important as long as both types of functions are always represented for one criterion. Figure 4 : Examples of screening criteria and corresponding attributes used to assess the appropriateness of a set of potential technologies (Techs) for a specific application case (AppCase). For example, if a Tech has a high water requirement, but the water availability in the AppCase is very low, this Tech has limited appropriateness.
Quantifying technology appropriateness
The match of the Tech attribute with the AppCase attribute for a Tech t and a criterion c defines the appropriateness score, either as
Equation 1 if p(c) is a probability density function, or
Equation 2 if ( ) is a probability distribution function. If a Tech t has multiple criteria, the scores must be aggregated. The aggregation results in the technology appropriateness score (TAS):
It is important to note that screening criteria are different from performance criteria in SDM and MCDA, as they are used to quantify the suitability of an option in a given context and not to identify the best option (Eisenführ et al. 2010) . Consequently, screening criteria do not necessarily apply to all options under assessment, whereas performance criteria must do so. For instance, water availability should not influence the TASt of a Tech t that operates completely independently of the water availability. However, the TASt of this Tech t can still be compared to the TASx of another Tech x which is waterreliant. Therefore, the aggregation function should allow for different numbers of criteria. We also require it to be equal to zero if at least one ASt,c is zero. The geometric mean (see Equation 3) fulfils these requirements (Langhans et al. 2014 , Pollesch and Dale 2015 , Rowley et al. 2012 ).
Removing inappropriate Techs
Techs with a TAS = 0 are totally inappropriate for the given AppCase and are therefore excluded. 2.3.1. Building all possible sanitation systems from Techs A sanitation system (SanSys) is defined as a set of Techs which, in combination, manage sanitation products from the point of generation to a final point of reuse or disposal (adapted from Maurer et al. 2012 and Tilley et al. 2014b ). The Techs contained in a SanSys can be organized in functional groups (FGs). We use the following FGs: toilet user interface (U), on-site storage (S), conveyance (C), transport (T), and reuse or disposal (D). A Tech belonging to U is always a source, while a Tech belonging to D is always a sink. Additional sources, such as tabs or drainage, are assigned to a sub-group of U called Uadd. Each SanSys comprises at least one source and one sink and a number of compatible Techs in such a way that all products end up in another Tech or in a sink. The set of all valid SanSys is constructed on the basis of the appropriate Techs, as illustrated in Figure 5 . A SanSys is valid if it fulfils the following criteria:
i. every output product of each Tech must be connected to another Tech that can take this product as its input, ii.
no Tech has inputs that are not connected to the output of another Tech. These rules allow loops in a SanSys. However, loops between Techs are practically only possible if the infrastructures are situated close to each other. This leads to the additional constraint that iii. loops are only allowed for the FG S or T either at the level of the premises (onsite) or at semicentralized treatment facilities (offsite). The same product may occur onsite or offsite. In this case, it is treated as two different products for the generation of SanSys. For example, blackwater that is produced onsite (e.g. by a 'septic tank'), cannot feed into a centralized Tech (e.g. 'activated sludge'); it must first be transported by a transport Tech (e.g. 'conventional sewer'). For the generation of SanSys we distinguish between products and transported products in building the systems (i.e. 'blackwater' and 'transported blackwater'). The generation of SanSys requires some assumption and simplifications to be automated and generic enough to deal with all potential sanitation technologies. The main simplifications concern the way how the input and output streams are related to each other. Some Techs of the FG C take a varying number of input products that are then mixed together. To take this fact into consideration, the model defines a hierarchy of products according to their degree of pollution. When different products enter into such a Tech, the resulting output corresponds to the product which is defined to be the most polluted. For example, a conventional sewer fed with greywater and blackwater will produce blackwater. The same Tech fed with blackwater will also produce blackwater. Another simplification concerns the generation of different Tech variations. The relations of different inand out-products to each other is defined as either (i) any possible combination ('OR'), (ii) their mutual exclusion ('XOR'); or their compulsory co-existence ('AND'). For example, a septic tank can have the following in-products: 'blackwater' OR 'greywater'; and has the following outproducts: 'sludge' AND 'effluent'. This results in three possible combination of in-and out-products: (i) blackwater, greywater -> effluent, sludge; (ii) blackwater -> effluent, sludge; (iii) greywater -> effluent, sludge. For the generation of SanSys we treat each of these possible combinations as a distinct Tech variation (see also supporting information B, SI-B). Creating all possible combination of Techs is not feasible as a very large number of combinations exist (see SI-B). Moreover, only a very small fraction of these possible combinations are valid SanSys. The SanSys builder we propose here provides an efficient heuristic designed to create all valid SanSys (see details in the SI-B). The functioning of the algorithm is illustrated in Figure 5 . 2.3.2. Quantifying system appropriateness The SanSys appropriateness score (SAS) is calculated by aggregating the TAS of every Tech of the system. Any aggregation function could be used. We propose a function that can either mimic the product of all TAS, the geometric mean, or a compromise between both:
where .
ℎ is the total number of Techs in a given system, and α ∈ [0,1] . A purely multiplicative aggregation ( α = 0 ) systematically penalizes SanSys with a large number of Techs. This contradicts the principle of allowing a broad range of SanSys in the decision option set. Using the geometric mean ( α = 1 ) is often not desirable neither, because a simple system should be preferred over a complex (long) one with the same performance. The smaller the factor α that is chosen, the longer the SanSys (i.e. SanSys with many Techs) are penalized.
Step 3: Selection of decision options
The set of all possible SanSys created in Step 2 may contain ten or even a hundred thousand systems. From these, we must select a subset Q of potentially applicable decision options that will serve as an input for decisionmaking. We define two key characteristics for Q:
i.
The set contains the desired number of decision options. The absolute number of decision options depends on the specific SDM process and its ability to handle small or larger numbers of decision options.
ii. The set entails a diverse range of options. The integration of a high variability of different options opens up the decision space for the stakeholders and therefore increases the probability of finding a sustainable solution. In a first step, the SanSys are grouped according to their system templates. A system template (ST) defines a class of SanSys with similar conceptual characteristics (see also Table 5 ). Then, the SanSys within each ST are assigned to clusters. For clustering, we use properties such as the number of technologies per SanSys and the K-medoids algorithm (e.g. Hastie et al. 2009 ). This algorithm is similar to the k-means but also allows non-Euclidian distance measures to be used. Finally, the SanSys with the highest score of each cluster is selected for Q. The number of clusters per ST is controlled by the number of options to be selected from an ST.
User and stakeholder involvement
The procedure is intended to be used by experts for identifying decision options in an SDM procedure such as CLUES. This includes data collection, the application of the appropriateness assessment, the system builder, and the identification of the set of selected decision options. The stakeholder involvement is particularly relevant for (i) the identification of screening criteria; (ii) the definition of potential Techs; (iii) the definition of system templates; (iv) and the definition of properties used to identify the selected set of options. The master list of screening criteria and the Tech database can be used as a point of departure (see also next section or directly DOI: 10.5281/zenodo.1092686).
Implementation and data linking
The assessment of the appropriateness of the Tech (section 2.2) was implemented in R (R Development Core Team 2015). The code is freely accessible at https://github.com/Eawag-SWW/TechAppA (v1.0). For the generation of the possible SanSys (section 2.3) and selection of Q (section 2.4), Julia was chosen for performance reasons (Bezanson et al. 2017 ). The code is freely accessible at https://github.com/Eawag-SWW/SanitationSystemBuil der.jl (v1.0). The data used and generated for this article is available at DOI: 10.5281/zenodo.1092686. The database contains a set of 43 Techs and corresponding attribute functions. The database is a simple comma-separated text file and can be easily extended with any Tech as long as their inputs and outputs are known and information regarding the relevant screening criteria are available.
Model sensitivity
Goal
We perform a sensitivity analysis for the appropriateness assessment of Techs (step 1) and the selection of decision options (step 3). The generation of SanSys (step 2) does not require relevant parameters and is therefore not considered. The application in Katarniya (see section 3) is used as baseline scenario.
Step 1: Appropriateness assessment of technology options
The aim here is to see how the choice of screening criteria and attributes impacts the TAS and the corresponding ranking of Techs per FG. For example, criteria related to 'operation & management' or 'skills' are often neglected. For this purpose, we perform the appropriateness assessment with different sets of screening criteria and compare the outcome with the baseline. Table 2 summarizes the changes in the set of criteria performed for the four runs presented . • the size of Q,
• α used to compute the SAS,
• the clustering based on structural properties (numbers of Techs and number of connections per Tech per SanSys),
• the classification according to STs,
• the appropriateness assessment, and the resulting SAS.
Example application
To demonstrate the application, we selected a real case in Nepal. However, the case is not presented in its entire complexity.
Application case
Description
We applied our model to a water and sanitation project in Katarniya, a small town in the mid-western region of Nepal. Katarniya is very typical of an emerging small town in Nepal. It is characterized by rapid and unplanned growth, a weak institutional setting, and a lack of human and financial resources. Basic sanitation elements such as toilet infrastructure are present, but full sanitation systems are mostly absent. The project was planned and implemented by three partners of the Swiss Water and Sanitation Consortium (SWC). The aim of the project was to improve access to water and environmental sanitation for the central part of the town with about 1000 inhabitants. In order to improve the town's sanitation situation, an environmental sanitation plan was developed using CLUES ).
Data collection
As model input data, we use the results from a household survey and an interaction workshop with the local community, both of which were conducted by the project in 2016. We complement this data with information that we collected during a field visit in May 2017.
3.2.
Step 1: Appropriateness assessment 3.2.1. Potential Techs Figure 6 illustrates all potential Techs used for the assessment. We rely on a restricted list of Techs for illustration purposes. Theoretically any number of Techs could be used as a point of departure. We have taken the list of potential Techs from the Compendium of Sanitation Systems and Technologies (Tilley et al. 2014b ). To showcase the integration of novel options, we added 'vermi-composting' (Amoah et al. 2016 , Lalander et al. 2013 , 'struvite precipitation', and 'struvite application' (Dalecha 2012) to the list. These technologies have been tested in similar regions and shown to be promising.
Identification of screening criteria and attributes
The screening criteria for the application case are derived from the master list in Table 1 . First, we validated this list by conducting a workshop with experts in Kathmandu in 2015. We noted very little disagreement between the locally brainstormed list and the master list provided. Second, based on individual consultations with some key workshop participants, we removed some criteria from the master list because they were either not relevant or contradicted the conditions listed in section 2.2.1. These criteria from Table 1 were removed:
• Nb. 11 : not relevant.
• Nb. 1, 2, 24, 25, 26, 30, and 31: involving major trade-offs which should be discussed among stakeholders.
• Nb. 5, 6, 7, 9, 14, 20, 21, 22 and 23: Not enough information available either for the AppCase or the Techs. Figure 6 : Overview of the sanitation technologies, products and functional groups (FGs) used in the example application in Nepal. Notes: (i) Storage (S) may also include (partial) treatment; (ii) Treatment (T) technologies may be applicable on-site (no transport required) or offsite; (iii) the model can also include non-toilet sources which allows the system boundaries to be extended (water tap, stormwater drainage, organic solid waste collection).
Quantification of screening attributes
To quantify the screening criteria, a pair of probability density and conditional probability functions is needed for each pair of Tech and AppCase attribute (see also section 2.2.2). These functions describe the requirements and the conditions that have to be matched. In principle, any uncertainty model and corresponding probability function could be used. However, the choice of probability function can have an impact on the model output and should be purely data-driven to represent the state of knowledge available at the structuring phase. The data sources generally available at the structuring phase include baseline reports, semi-structured interviews, reports from previous projects, and regional and national statistics. In the application case presented here, we found little information in these documents and therefore used rather simple probability functions: triangular, trapezoid, uniform, and categorical distributions. Based on similar experiences in other case studies (not presented here), we recommend working with such simple functions except where good reason or data exists to use more sophisticated models (e.g. a normal or beta distribution). Expert knowledge is required to identify a probability function that embraces all relevant data sources considering their potential inconsistency. Here we provide some examples how the functions are applied based on available input data. The categorical function is a non-continuous function. It is best applied when the data contains categories and a value for each category is available: e.g. 30% of population have low access to water, 50% have moderate access, and 20% have high access (categorical density function). The uniform function is the simplest model and requires only an upper and lower level: e.g. Tech X has a performance of 100% between 5˚C to 35˚C (conditional uniform probability function). The triangular function requires a minimum, maximum, and a mean value: e.g. the temperature in the AppCase varies between 5 and 42˚C with a mean at 28˚C (triangular density function). The trapezoidal function requires four values including the minimum, the maximum, and the two modes in between: e.g. the performance of a Tech Y starts at -5˚C, is 100% between 5 and 25˚C and then decreases until 50˚C (trapezoidal conditional probability function). Table 4 were parametrized with the data collected in Katarniya (see 3.1.2 Data collection). The Tech attributes for all Techs in Figure 6 were quantified on the basis of the literature and our own expert estimations.
Step 2: Generation of sanitation systems
We use 37 Techs from the 43 shown in Figure 6 to build the SanSys option space. We have excluded some Techs from the system generation in order to limit the size of the option space and to make the example application more illustrative. The excluded Techs are all Techs from the FG Uadd, as well as the Techs struvite production, struvite application, and irrigation. To compute the SAS, we use α = 0.5.
Step 3: Selection of decision options
3.4.1. Classification into system templates Table 5 shows the properties and STs which we use for classifying the SanSys. The Compendium of Sanitation Systems and Technologies (Tilley et al. 2014b ) serves as the inspiration for the STs used. However, we defined the STs provided further by specifying distinctive profiles and refining some STs. For sixteen STs sorted into four groups, we use nine properties. Tilley et al. (2014b) . Each of the 16 ST has a unique profile defined by a value for the nine properties. '1' means that the property applies (e.g. 'the systems do have dry material production"); 0 means that the properties do not apply (e.g. "there is no dry material"); and 'not defined' (n.d.) means that the property does not apply to this ST. 
ST.4 Onsite blackwater without sludge and with urine diversion
Mainly onsite composting systems with urine diversion 
ST.10
Blackwater
Onsite blackwater without sludge and with effluent infiltration
Blackwater is stored, dewatered, and transformed to compost or pit humus (e.g. twin-pits); effluent goes to a soak pit or similar. 
Selection of SanSys options
We define the number of SanSys in Q as 36 and distribute these 36 options across the STs. The distribution is proportional to the 90% quantile of SAS within each ST under the condition that each ST is represented at least once in Q.
Results of the application case
3.5.1.
Step 1: Appropriateness assessment The histogram of the TAS per FG may be seen in Figure  7 : It shows that for this case the selection of Tech in the FG C and T is most relevant, while all Techs in U, S, and D perform similarly well. None of the Techs perform very badly because those selected have already been shown to be applicable in similar regions. It is illustrative to identify those criteria that influence the TAS the most. Figure 8 shows the distribution of the ASt,c grouped per FG. From a visual analysis, we can see that the management and to a lower extent construction skills, temperature range, and slope are the most variable criteria and are therefore mainly responsible for the diversity of TAS shown in the previous figure (Figure 7 ). technology appropriateness score TAS (first box), followed by attribute appropriateness scores score 3.5.2.
Step 2: System generation In total, 17,955 possible SanSys can be generated. These are distributed as follows: 2,166 SanSys for the urine diversion dry toilets (UDDTs), 380 for dry toilets, 1,531 for pour-flush toilets and 13,878 for urine diversion flush toilets (UDFTs). UDDTs and UDFTs have more SanSys because these sources generate two output products (urine and faeces or blackwater), which greatly increases the number of Techs per SanSys and consequently the number of possible combinations. The computation time on an average desktop computer was approximately 14 minutes.
The number of Techs per SanSys varies between 3 and 14. Different numbers of Techs per SanSys are represented in all SAS ranges, indicating that α = 0.5 is probably a reasonable choice. In the case of higher α (e.g. α = 1, no penalization of length), we would have more long systems with a higher SAS and for a lower α (e.g. α = 0) we would mainly see short systems with a high SAS.
Step 3: Option selection
The histograms of all SAS grouped according to the system templates (STs, see Table 5 ) are shown in Figure   9 . The figure illustrates how the total number of SanSys per ST varies. This number depends on the Techs available for a given ST and on the number of products arising from these Techs. Both have an effect on the number of possible Tech combinations and thus on the number SanSys variations. We distribute the 36 options to be selected among the STs proportional to the 90% quantile of SAS within each ST under the condition that each ST is represented at least once in S. The 90% quantile of SAS within each ST is illustrated by the red line in Figure 9 . From the STs with a higher 90% quantile, three SanSys are selected (ST.2, ST.4, ST.6, and ST.10) . Only two SanSys are selected from all other STs. In Figure 10 we show the number of Techs per SanSys and the number of connection per Tech. SanSys with similar characteristics are grouped in clusters of same size within a ST (see also section 2.4). These clusters are indicated by the different colours. The SanSys with the best SAS in each cluster is selected to be in Q (marked by a cross). Four examples of selected SanSys are illustrated in Figure  11 (see SI-C for the others). The systems (a), (b), and (c) are examples of SanSys that have been successfully implemented in the region of the case study. The systems are diverse, as (a) is onsite and dry, (b) onsite wet, producing biogas, and (c) is an offsite wet blackwater system involving centrally-managed natural wastewater treatment. The SanSys given in (d) is a novel option for the context of Nepal. It combines onsite vermicomposting with urine diversion and centralized urine treatment and allows recovery of nutrients and organic matter in the form of stabilized urine and compost. This system has shown high potential in similar regions (Amoah et al. 2016) , and it is therefore highly appropriate to include it in the set of decision options . 
Results of sensitivity evaluation
3.6.1.
Step 1: Appropriateness assessment of technology options The omission of some criteria influences the ranking of the Tech as the impact on the TAS is not the same for different Techs. To quantify the change in the ranking, we counted the number of Techs that either moved up or down compared to the baseline (run 1.1). Table 6 shows the count of changes per FG and in total.
The results are analysed separately for each FG, as only Techs within the same FG are true alternatives to each other. There is a total of 26 changes for run 1.2 (without management), 22 for run 1.3 (without criteria related to skills), and 8 for run 1.4 (without criteria related to O&M). The results compare well with Figure 8 , showing the high impact of the management screening criterion (run 1.2) and the criteria related to skills (construction, O&M, and design skills, run 1.3). The omission of the criteria frequency of O&M and O&M skills also has an impact, although this is much lower ( Table 6 , run 1.4). The criteria relating to O&M also have an impact, but it is rather lower. The removal of the management criterion (run 1.2) also resulted in a lower variance of the TAS (not shown in the table, see associated data at DOI: 10.5281/zenodo.1092686 for full results), showcasing the importance of this criteria to enhance the significance of the rankings . Table 6 : Results from the sensitivity analysis of runs 1.2 to 1.3. Run 2.1 serves as a baseline (not shown). The results are shown as changes in position of the ranking of the Techs within a functional group (FGs) according to their technology appropriateness score TAS. The results are analysed separately for each FG, as only Techs within the same FG are true alternatives to each other. 3.6.2.
Step 3: Option selection The five elements that were varied in the analysis (see section 2.7.1.2) have different impacts on Q. Table 7 shows the characteristics of the Qs generated in the runs 2.1 to 2.7. The Qs are evaluated by the median SAS, the diversity as a function of number of different sources within Q, the number of different STs, the number of different numbers of technologies per system, and the number of different numbers of connections per Tech (see also section 2.7.1.2). Figure 12 highlights the diversity and the median SAS of the Qs obtained with the different runs. Figure 13 highlights the impact of the size (number of selected SanSys) on the diversity of Q. In the following, we discuss the influence of all five evaluated elements on the median SAS and the diversity.
Size of Q
The baseline (run 2.1) has a size of Q = 36 compared to 8, 4, and 64 for runs 2.2, 2.8, and 2.9 respectively. The SanSys are selected in decreasing order of SAS, so that a smaller Q will always result in a higher median SAS (Figure 12 ). As shown in Figure 13 , the diversity increases with the size of Q. The benefit of a large Q for diversity tempers as soon as the size of the Q exceeds the total number of STs defined (16 STs in our case, see also Table  5 ).
3.6.2.2. α A small α penalizes long systems, so that α = 0 (run 2.3) results in a lower number of different numbers of Techs (see SI-D) . This is reflected in the diversity which is 9.75 for α = 0 (run 2.3), 10.5 for α = 0.5 (run 2.1), and 10.75 for α = 1 (run 2.4, Figure 12 ). The term α also shifts the scale of the SAS to lower values, so that the median SAS is not directly comparable. It is interesting to note that the decrease in diversity, as well as the shifting effect are both more pronounced if α is reduced from 0.5 to 0, compared to an increase from 0.5 to 1. This indicates that α = 0.5 provides a good balance between the penalization of long systems and maintaining high diversity.
Clustering to structural properties
The clustering itself, as shown by run 2.5, has little impact on the diversity or the median of SAS.
3.6.2.4. Classification to system templates In run 2.6, we select the 36 SanSys with the highest SAS, ignoring the STs and without clustering. This obviously results in a higher SAS (Figure 12 ), although the impact is small. On the other hand, the diversity is strongly impacted, as only five STs remain represented in Q.
Use of the SAS
In run 2.7, we use STs to classify and then randomly (independently of SAS) select the number of options from each ST. This has a high impact on the median SAS (Figure 12 ), whereas the decrease of diversity is negligible. Figure 12 : Characteristics of the set of selected sanitation systems (SanSys) Q for nine different runs for Step 3 (see also Figure 13 : Diversity of the set of selected sanitation systems (SanSys) Q for four different runs (2.1, 2.2, 2.8, and 2.9) as a function of the size of Q (see also Table 3 ). The diversity increases with the size of Q. The benefit of a large Q for the diversity tempers after the size of Q exceeds the total number of system templates.
Discussion
The procedure presented here systematizes the generation of a diverse but manageable set of locally appropriate sanitation system options. The core purpose is to break down the typically opaque option generation step into smaller more reproducible elements. It is by no means intended to replace the technical know-how required for detailed planning and implementation but serves to help integrate the growing number of decision criteria and technological options into the decisionmaking process.
In addition, some elements in the procedure still require some degree of judgement. These include (1) the identification of a set of potential technologies;
(2) the case-specific choice of the set of screening criteria; (3) the definition of the screening criteria attributes and corresponding uncertainty models; (4) the aggregation method for the TAS and SAS appropriateness scores; (5) the checking of the final set of sanitation system options from a process engineering point of view; and (6) the definition of the system templates and the number of selected options (size of Q). In the following, we discuss these elements in more detail and argue that, despite these subjectivities and the need for expert judgement, the increased transparency and the formal structure of our approach still offers substantial advance over the currently used approaches.
Identification of potential technologies
The main decisive element of the presented procedure is that it shifts the burden of choosing complete sanitation systems to selecting potential technologies. As this requires no local expertise, we believe that it is easier to compile a comprehensive list of potential technologies (Techs) from literature or experience and then to identify a set of appropriate and complete sanitation systems (SanSys). This is also emphasized by the huge number of potential SanSys, as demonstrated in this paper, compared with the rather limited number of potential Techs. We provide a list of potential Techs based on the literature (Tilley et al. 2014b ) and corresponding model input data in the linked dataset for reuse in other applications of the procedures (DOI: 10.5281/zenodo).
Choosing a set of screening criteria
A second decisive element of the procedure is the use of screening criteria to eliminate inappropriate options at the beginning and to streamline the decision-making process. Obviously, which screening criteria are used has an impact on the outcome of the screening procedure. Because no trade-offs are discussed at the screening stage, screening criteria should be exclusively exogenous and as independent of stakeholder preferences as possible. However, in practice the lines are not always clear. Legal directives, cultural constraints, and available skills are often seen as exogenously fixed. However, these might represent current or past stakeholder preferences, such as in the case of legal directives, and can be changed or ignored by the stakeholders. Therefore, the choice of screening criteria relies on the expert in charge of the procedure and will thus imply a certain level of subjectivity about how adaptable they are. In the example application, we have shown a pathway for structuring the selection of screening criteria as transparently as possible. We provide a carefully assembled master list of possible screening criteria (see Table 1 and SI-A). We then propose involving the stakeholders in selecting case-specific screening criteria. Because the screening criteria are derived from the overall objective hierarchy of sustainable sanitation, some of them might also be relevant later in the SDM process. For example, a common screening criterion is water use; a potential technology should not exceed the amount of water available in the application case. Nevertheless, the decision-maker still might want to prefer among the appropriate Techs, those with lower water use. 
Quantifying attributes and their uncertainty
A third decisive element of the procedure is the use of attributes for the calculation of appropriateness scores for every technology and sanitation system. Their quantification is based on probability functions characterizing the screening criteria for the technology (Tech attribute) and the application case (AppCase attribute). The selection and quantification of probability function should be mainly data driven and based on data available at the structuring phase of decision making (e.g. household survey, official statistics, baseline reports, former project reports). The uncertainty model for each attribute can then be derived from the data available using the simplest model that describes the data sufficiently (e.g. triangular distribution). The supporting information in SI-A and the data (DOI: 10.5281/zenodo) provide a good starting point for this step.
We are well aware that the detailed choice of attribute and corresponding probability function for each screening criterion might have a substantial impact on the outcome of the analysis (see e.g. section 3.6.1). This step of the procedure depends strongly on the experts in charge of the procedure and therefore also implies a certain level of subjectivity. However, this is a system-immanent problem that many value-focussed SDM procedures face (see e.g. Keeney and Gregory 2005) and not a problem specific to the procedure proposed here.
In the application case, we present a stakeholder-oriented approach, agreeing with them not only about the casespecific screening criteria (see 4.2) but also the attributes by which these are evaluated.
Quantifying appropriateness scores TAS and SAS
A fourth decisive element of the procedure is the technology and system appropriateness scores (TAS and SAS). They express the confidence in how appropriate the technologies and sanitation systems are for a given application case. The appropriateness scores on their own are not sufficiently robust to identify a single most appropriate solution (as shown in the sensitivity analysis in 3.6.1), but they are very well able to show whether any options are significantly more or less promising than others for a specific application case. It therefore acknowledges that hardly any Tech is 100% appropriate and thus reduces the risk of eliminating options too early. However, it is important to note that the TAS and SAS cannot provide information on the real performance of the technologies and systems in the future. The real performance depends not only on the aspects covered by the screening criteria but also on many other factors such as implementation, influent quality and quantity, and operation and maintenance. For the quantification of the technology appropriateness score, TAS, we aggregate the match of the Tech attribute and the AppCase attribute for all screening criteria. The geometric mean aggregation function satisfies our requirements of allowing different numbers of criteria and turning equal to zero if at least one element is zero (see 2.2.3). However, this aggregation model also implies that the number of criteria used is relevant; the more criteria are used, the less relevance any single criterion has to the overall score. The selection of case-specific criteria from the master list involving stakeholders as described in 4.2 can help to limit the set of screening criteria used to the most relevant. If the list of screening criteria remains long (e.g. greater than 15), we recommend the use of hierarchical structures and of sub-level aggregation, as aggregation via the geometric mean is not an associative function (Grabisch et al. 2011) . To quantify the system appropriateness scores, SAS, we propose a weighted multiplicative aggregation model that allows us to define how much long SanSys should be penalized. The main argument here is that the appropriateness of long systems with many technological steps might be judged to be less appropriate than that of shorter and therefore less complex systems with technological elements of same appropriateness. In the application case presented in this paper, we show that the chosen value for α = 0.5 (see 3.6.2.2) leads to a wellbalanced behaviour that penalizes very long systems but still allows high diversity in the final set of SanSys.
Generation of the sanitation system option space
A fifth decisive element of the procedure is the automatic generation of all possible system combinations. The application example showed that the systematic option generation allows the diversity of the option space to be expanded, as it also results in SanSys options that are not widely applied (see Figure 11c ). This enhances the probability that innovative or unusual options find their way into the decision-making. The innovation can lie in how technologies are combined (e.g. combining a urinediverting toilet with vermi-composting) or in the integration of novel technology options. For instance, the model could provide all possible sanitation systems that can be realized with the blue diversion toilet (Larsen et al. 2015 ). An added benefit of this systematic process is the creation of truly comparable alternatives that incorporate everything from user interface to disposal.
To balance the comprehensiveness of the SanSys option space with the computational efforts required, we used a semi-acyclic algorithm that allows loops only the functional groups storage and treatment (S) and (semi-)centralized treatment (T). If there are no computational limitations, the fully cyclic algorithm could be used (see SI-B).
It is important to emphasize that the procedure provides generic SanSys including the technologies and the type of products that flow between them. However, it does not provide (i) detailed characteristics of input or output quantities or qualities or (ii) any spatial information. For example, the semi-centralized composting system displayed in Figure 11c could consist either of one central large co-composting site or several smaller ones in different areas of the town. The SanSys builder is based on a series of simplifications and assumptions. For instance, it requires a standardized set of products and is not able to generate new products, as the model does not have any process engineering knowledge. As a consequence, when different products are mixed together in a conveyance technology, the output product will always be that with the highest degree of pollution. For example, a conventional sewer fed with greywater and blackwater will produce blackwater. The same sewer fed only with blackwater will also produce blackwater. It is clear that the degree of dilution of a certain product might influence the performance of the subsequent treatment step. Another simplification concerns the relationship between the input and output products by 'AND', 'OR', or 'XOR'; this does not allow special cases to be described. For example, a biogas reactor can have dried faeces OR sludge as an input product, but from an engineering perspective dried faeces as the only input does not make too much sense. Therefore, one must assume that some of the permutations might not be sensible from a purely process engineering perspective. This can easily be rectified by checking the set of SanSys selected in step 3 of the procedure before passing them on to the SDM process. Moreover, the SDM process will probably also include a detailed performance evaluation of the SanSys options, where their technical performance can be compared to other decision objectives.
Selection of the final set of SanSys options as an input into SDM
A sixth decision element is the systematic selection of a final set of SanSys. This step is designed to reduce the overwhelming number of SanSys options to a limited number that can be managed by an SDM or MCDA process. The requirements for the algorithm are that (i) the diversity of the set of SanSys is maintained; and (ii) the most appropriate options are selected. The algorithm has four key parameters: (i) the aggregation function used to compute the SAS; (ii) the size of the final set of options Q; (iii) the system templates (STs); and (iv) the characteristics used for clustering. We showed that the size of Q and the system templates have the highest impact on the diversity of Q. The use of the SAS guarantees that only the most appropriate options are selected.
The size of Q depends on the capability of the SDM methodology chosen to treat various numbers of decision options. We show that the diversity increases with the size of Q while the median SAS of Q decreases. The increase in diversity is only relevant until the size of Q exceeds the total number of system templates (see Figure 13 ). Increasing the size of Q any further then mainly leads to a decrease of the median SAS as an increasing number of less appropriate SanSys are included in Q. This shows that there exists a quasi-optimal size of Q even if the SDM methodology were able to manage very high number of options. This optimal size is equal to or slightly higher than the number of defined system templates.
The way system templates are defined also influences how much weight different groups of system templates might gain in Q. In the example application, we decomposed the group of blackwater system templates into seven subtemplates (see Table 5 ), compared to only two subtemplates for the onsite simple, thus giving blackwater systems a higher weight. We argue that the number of Techs available is higher in the blackwater group and that the diversity of these options should be accounted for. However, other definitions might be more suitable for other decision contexts. There is some subjectivity in how the system templates are defined; however, this is also the case for the diversity of decision options that may be requested (Gregory et al. 2012 , Keeney 1996 . We here suggest verifying the choice of system templates with the stakeholders in an application case.
Limitations and outlook
The main limitations of the procedure presented here lie in the experts' skills and local knowledge to provide suitable inputs. In the future, this procedure could therefore be more strongly adapted to different settings so as to connect it more intimately with existing planning procedures. Good results might be achieved by using the proposed procedure to generate technology profiles and system option compendiums. Specialized knowledge and available sanitation-relevant data could be used to characterize the technology profiles. The SanSys builder could be used to generate the corresponding system compendium. These products could then be used in local sanitation planning processes to identify appropriate technology profiles and system options as input for local decision-making (e.g. CLUES). This would allow a standardized approach that combines in-depth expert knowledge about potential technologies with local data and preferences. The appropriateness assessment based on the technology profiles can be discretized, which would make it independent of modelling software. As much of the system generation and option selection procedures are algorithms, the system compendium could be implemented as a web-based service that centralizes in-depth technical know-how and provides the user with localized options. In addition, specific technology profiles and system compendiums could be generated for typical regions and settings. The system templates could be defined in a way to correlate with appropriateness ranges for different regions, which would further facilitate the integration of the approach into the local sanitation planning process. An interesting extension of the SanSys builder would be the addition of a material flow analysis module. This would allow for the quantitative estimation of the performance of entire sanitation systems including nutrient, water, or solids recovery potentials as additional indicators that can be used by the decision-making process.
Conclusions
We present a codified and therefore reproducible procedure to identify an initial set of SanSys decision options as an input into a structured decision making (SDM) process such as CLUES, a strategic sanitation planning guideline developed for urban settings in the global South ). The procedure is not meant to identify the best option, because this is what SDM does. Instead, it focusses on potentially appropriate options while maintaining high conceptual diversity. Furthermore, it is meant not to replace but to support engineering know-how in an SDM process. It provides a series of advantages over currently used empirical methods:
i. It is automated and thus allows very large numbers of technology and system options to be dealt with;
ii. It makes technical suggestions for each and every product and therefore enforces the consideration of entire sanitation systems;
iii. it is systematic and thus enhances the reproducibility and transparency of option generation;
iv. it explicitly considers uncertainties relating to local conditions and technology options and thus can work with data and information generally available at the structuring phase, also in developing urban areas; and v. it can include novel technologies and therefore generates options that have not yet been widely applied but are nevertheless realistic (as shown in the application case). The hope is that such novel options have the potential to be more sustainable than conventional ones in developing urban areas because of e.g. their greater flexibility to demographic changes and the opportunities for resource recovery (e.g. nutrients, energy, or water). The procedure remains sensitive to several parameters that should ideally be defined together with local stakeholders: the definition of potential technologies; the set of screening criteria, attributes, and uncertainty models; and the system templates. Moreover, the procedure is generic and can be extended to integrate other parts of urban water systems (e.g. stormwater) and applied to other complex infrastructure problems, such as solid waste management. The procedure is sufficiently systematic that it could be standardized for regional or national planning procedures and provide low-level support for local decision-making and planning procedures.
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